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1. Introduction 
Micropropagation of woody plants and fruit crops constitutes a major success in the 
commercial application of in vitro cultures. An important aspect to be considered when 
deriving perennial plants from micropropagation is the maintenance of genetic integrity 
with regard to the mother plant. In this regard, somaclonal variation has been reported at 
different levels (morphological, cytological, cytochemical, biochemical, and molecular) in 
micropropagated plants [1]. The economic consequence of somaclonal variation among 
regenerated plants is enormous in fruit crops and woody plants, because they have long life 
cycles. In consequence, the behaviour of micropropagated plants should be assessed after 
their long juvenile stage in field conditions. The occurrence of somaclonal variation is a 
matter of great concern for any micropropagation system. In order to evaluate its presence 
several strategies were used to detect somaclonal variants, based on one or more 
determinants from among morphological traits, cytogenetic analysis (numerical and 
structural variation in the chromosomes), and molecular and biochemical markers [2]. In 
addition, studies on somaclonal variation are important for its control and possible 
suppression with the aim of producing genetically identical plants, and for its use as a tool 
to produce genetic variability, which will enable breeders the genetic improvement. 
Somaclonal variation has been studied extensively in herbaceous plants, whereas few 
studies have focused on temperate perennial fruit crops.  
This chapter provides a survey of the technical approaches for identifying somaclonal 
variation in perennial fruit crops and is intended to provide a synthesis of the literature on 
the topic. In addition, recent advances in the characterization and detection of somaclonal 
variation in olive plants produced in vitro by nodal explants and somatic embryogenesis are 
reported in detail. 
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2. Somaclonal variation 
In nature, the genetic diversity and variability within a population are generated via 
recombination events. Factors such as natural selection, mutation, migration and 
population size influence genetic variability in different ways. In 1958 a novel, artificially 
produced, source of genetic variability was reported [3], the higher plant cells cultured in 
vitro showed a genetic instability that was also characteristic of regenerated cells. The first 
observation of somaclonal variation was reported [4]. Subsequently, the variability 
existing in plant tissue and cell cultures received much attention and neologisms were 
proposed by Larkin and Scowcroft [5] to refer to the results of in vitro cultures of plants. 
The term ‘somaclone’ was coined to refer to plants derived from any form of cell culture, 
and the term ‘somaclonal variation’ was coined to refer to the genetic variation among 
such plants. The growth of plant cells in vitro and their regeneration into whole plants is 
an asexual process that involves only mitotic division of the cells. In this context, the 
occurrence of uncontrolled and random spontaneous variation when culturing plant 
tissue is a major problem [6]. In vitro, the conditions of culture can be mutagenic and 
regenerated plants derived from organ cultures, calli, protoplasts and somatic embryos 
sometimes can show phenotypic and genotypic variation [7]. Some, or all, of the 
somaclones may be physically different from the stock donor plants [8]. Usually, 
variability occurs spontaneously and can be a result of temporary changes or permanent 
genetic changes in cells or tissue during in vitro culture. Temporary changes result from 
epigenetic or physiological effects and are nonheritable and reversible [9]. In contrast, 
permanent changes are heritable and often represent expression of pre-existing variation 
in the source plant or are a result of de novo variation [5]. The literature to date indicates 
that somaclonal variation can range in scope from specific trait to the whole plant 
genome. Somaclonal variation provides a valuable source of genetic variation for the 
improvement of crops through the selection of novel variants, which may show resistance 
to disease, improved quality, or higher yield [10, 11, 12, 13]. 
3. Origin and causes 
Although somaclonal variation has been studied extensively, the mechanisms by which it 
occurs remain largely either unknown or at the level of theoretical speculation in perennial 
fruit crops [14,15]. A variety of factors may contribute to the phenomenon. The system by 
which the regeneration is induced, type of tissue, explant source, media components and the 
duration of the culture cycle are some of the factors that are involved in inducing variation 
during in vitro culture [16]. 
3.1. Regeneration systems 
Regeneration systems can be ranked in order from high to low in terms of genetic stability, 
as follows: micropropagation by preformed structures, such as shoot tips or nodal explants; 
adventitiously derived shoots; somatic embryogenesis; and organogenesis from callus, cell 
and protoplast cultures [17, 18]. Cellular organization is a critical factor for plant growth, 
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whereas in vitro the loss of cellular control, which gives rise to disorganised growth, is a 
characteristic of somaclonal variation [6,19].  
Although the direct formation of plant structures from meristem cultures, without any 
intermediate callus phase, minimises the possibility of instability, the stabilising influence of 
the meristem is sometimes lost in vitro cultures [6]. 
Somatic embryogenesis and enhanced axillary branching are the methods used most 
extensively in commercial micropropagation systems [20]. Somatic embryogenesis has the 
potential to produce the greatest number of plantlets in a short time, and makes possible the 
use of bioreactors for the large-scale production of somatic embryos [21] and their delivery 
through encapsulation into artificial seeds [22, 23, 24, 25]. Enhanced axillary branching 
involves the abolition of apical dominance to achieve the de-repression and multiplication 
of shoots, and has become a very important method on account of the simplicity of the 
approach and rapid propagation rate [26, 27]. These methods are considered to produce 
genetically uniform and true-to-type plants, because the organised meristems generally are 
believed to be immune to genetic changes [28, 29]. Several reports of experimental studies 
support this view [30, 31, 32, 33, 34, 35]. However, there is an increasing body of evidence 
that indicates that in embryogenic cultures, selection in favour of ‘normal cells’ does not 
always take place during development and that growth of mutant cells can occur as well, 
which can induce variability in the cultures [36]. 
3.2. Explant source 
Genetic fidelity largely depends on explant source [37]. The explant tissue can affect the 
frequency and nature of somaclonal variation [38,39]. The use of meristematic tissues, such as 
the pericycle, procambium and cambium, as starting materials for tissue culture reduces the 
possibility of variation [40]. In contrast, highly differentiated tissues, such as roots, leaves, and 
stems, generally produce more variants, probably due to the callus-phase, than explants that 
have pre-existing meristems [41]. Furthermore, preparation of many explants from only one 
donor plant increases the possibility of variation in cultures [42]. This illustrates the 
importance of the donor plant with respect to its inherent genetic composition and genome 
uniformity in any of its components. Somaclonal variation can arise from somatic mutations 
already present in the tissues of the donor plant [6]. To test for pre-existing somaclonal 
variation, the somatic embryos obtained in the first round of regeneration may be subjected to 
another round of in vitro regeneration. Tissues that show pre-existing variation should yield 
more variability in the first somaclonal generation than in the second generation, and 
thereafter the variation in the second round can be eliminated or stabilised [15]. 
3.3. Medium components 
The hormonal components of the culture medium are powerful agents of variation. The 
effect of the type and concentration of plant growth regulators on the incidence of 
somaclonal variation in different plant species remains a topic of debate. Unbalanced 
concentrations of auxins and cytokinins may induce polyploidy, whereas under a low 
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concentration or total absence of growth regulators the cells show normal ploidy [43]. In 
addition, rapid disorganised growth can induce somaclonal variation [6]. Sub- and supra-
optimal levels of growth regulators, especially synthetic compounds have been linked with 
somaclonal variation [44, 45]. Auxins added to cultures of unorganised calli or cell 
suspensions increase genetic variation by increasing the DNA methylation rate [46]. 
Similarly, in callus cultures of strawberries, the presence of the synthetic auxin 2,4-
Dichlorophenoxyacetic acid (2,4-D) is often associated with genetic abnormalities, such as 
polyploidy and stimulation of DNA synthesis, which may result in endoreduplication [47, 
48, 49, 50]. It would seem that growth regulators preferentially increase the rate of division 
of genetically abnormal cells [51]. High levels of cytokinins do not directly affect the rate of 
somaclonal variation in the banana cultivars ‘Nanjanagudu Rasabale’ and ‘Cavendish’; in 
this contest it would seem that the genotype has the greatest effect on somaclonal variation 
[52, 53]. Conversely, high levels of benzyladenine (BA) cause the number of chromosomes in 
the banana cultivar ‘Williams’ to increase [54]. In addition, diphenylurea derivatives are 
implicated in the incidence of somaclonal variation in bananas [55]. 
3.4. Duration and number of culture cycles 
The frequency of somaclonal variation increases as the number of subcultures and their 
duration increases, especially in cell suspensions and callus cultures [56, 57, 58]. Moreover, 
the rapid multiplication of a tissue or long-term cultures may affect genetic stability and 
thus lead to somaclonal variation [59, 56, 60]. A statistical model has been proposed for 
predicting the theoretical mutation rate, primarily on the basis of the number of 
multiplication cycles [61]. However, the model has limited application, due to the 
complexity of biological systems. 
3.5. Effect of genotype 
Conditions of culture in vitro can be extremely stressful for plant cells and may initiate 
highly mutagenic processes [62, 63]. However, different genomes respond differently to the 
stress-induced variation, which indicates that somaclonal variation also has genotypic 
components. In callus cultures of strawberry, the genotype and type of explant strongly 
influenced the occurrence of somaclonal variation [64]. The differences in genetic stability 
are related to differences in genetic make-up, because some components of the plant 
genome may become unstable during the culture process, for example the repetitive DNA 
sequences, which can differ in quality and quantity between plant species [65]. In banana 
tissue culture the most important factor that influenced dwarf off-type production was 
found to be the inherent instability of the cultivars; for example, the cultivar ‘New Guinea 
Cavendish’ showed a higher level of instability in vitro than ‘Williams’. The dwarf off-types 
remained stable during in vitro culture, and the conditions under which tissue was cultured 
that induced dwarfism did not induce reversion of the dwarf off-type trait [66]. In Musa 
species, the type and rate of variation was specific and depended on genotype [67, 68] and 
genome composition [40]. An interaction between genotype and the tissue culture 
environment is also reported [69].  
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4. Genetic changes that contribute to somaclonal variation  
During plant growth and development in vivo, gross changes in the genome can occur 
during somatic differentiation, including endopolyploidy, polyteny and amplification or 
diminution of DNA sequences [70]. The processes of dedifferentiation and 
redifferentiation of cells may involve both qualitative and quantitative changes in the 
genome, and different DNA sequences may be amplified or deleted during the cell 
reprogramming. In addition, this process is related closely to the tissue source and the 
regeneration system [65]. Gross and cryptic chromosomal changes, or extensive changes 
in chromosome number, occur early during induction in an in vitro culture [5]. Variation 
in chromosome numbers and structures, and chromosome irregularities (such as breaks, 
acentric and centric fragments, ring chromosomes, deletions and inversions) are observed 
during in vitro differentiation and among regenerated somaclones [71, 72, 5]. Such 
rearrangements in chromosomes may result in the loss of genes or their function, the 
activation of genes previously silent, and the expression of recessive genes, when they 
become haploid. The irregularities in the chromosomes may be lost during plant 
regeneration and result in the production of ‘normal’ plants, or appear in the regenerated 
somaclones. 
Cryptic changes, such as point mutations, are also expected to occur and may affect the 
chloroplast or mitochondrial genomes. In addition, transpositional events, such as the 
activation of transposable elements, putative silencing of genes and a high frequency of 
methylation pattern variation among single-copy sequences, play a role in somaclonal 
variation [73, 74].  
The tissue culture environment may result in the modification of DNA methylation patterns 
[62, 75]. Global methylation levels and methylation of specific sites are documented in 
several crops, e.g. oil palm [76], grapevine [77, 78] and apple [79]. In addition, epigenetic 
changes, such as DNA methylation and histone modifications, may be associated with the 
physiological responses of the plant cells to the conditions in vitro [75]. Several epigenetic 
systems have been studied: variation for morphological traits, such as flower colour and 
shape, leaf colour and shape, and plant height; resistance to disease; and maturity date [80]. 
The rate of these changes varies not only in response to tissue culture conditions, but also 
among species and even among cultivars of the same species [81].  
There are several extensive reports of morphological and genetic variation of several plant 
species, primarily herbaceous species, but few studies have been conducted on perennial 
fruit crops, which indicates that knowledge of somaclonal variation in these plants is lacking 
[1]. Currently, many markers are available to verify the fidelity of perennial fruit crops at 
the morphological, physiological and molecular levels. 
In light of the many factors that can lead to somaclonal variation, the characterisation of 
micropropagated plants is essential to help to modify the protocol/s with which 
genetically true-to-type plants are obtained, so that the procedures can be used with 
predictable results. 
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5. Morphological, cytological and biochemical markers  
Morphological markers usually are used to identify species, genera and families in 
germplasm collections. Somaclonal variants can be detected easily by morphological 
characteristics, such as plant height, leaf morphology and abnormal pigmentation [68]. For 
example, a sweet cherry (Prunus avium) somaclonal variant was characterised by 
morphological parameters, namely evaluation of plant vigour, leaf morphology, stomatal 
density, photosynthesis activity, the formation of floral buds, and the size, shape and colour 
of the fruit [82]. 
Chromosomal alteration and ploidy changes are highlighted by cytogenetic analysis, 
including chromosome counting and/or flow cytometry. Cytometry has been used to 
identify the particular characteristics of somaclonal variation in Vitis vinifera [83, 84, 85] and 
Citrus lemon [7]. Proteins and isozymes have been used widely as markers for identifying 
cultivars and characterising somaclonal variation in many fruit species [33]. Isozyme 
analysis has been used to assess genetic fidelity in Citrus plants regenerated through 
organogenesis, and somatic embryogenesis [86]. 
6. Molecular markers 
In some instances, discrepancies between molecular markers and phenotypic data are 
observed [87]. These discrepancies relate to the complexity of the plant genome, and the 
markers that are normally used often cannot give a complete view [88]. To resolve this 
difficulty, assay at the molecular level should be examined in relation to morphological 
changes. Currently, different molecular analytic techniques have used to point out 
somaclonal variation in tissue culture and in regenerants of several plants. Randomly 
amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), 
simple sequence repeat (SSR) and inter-simple sequence repeat (ISSR) markers have been 
used to study the genetic fidelity or genetic variability in micropropagated fruit crops.  
RAPD markers are suitable for detecting somaclonal variation in Prunus persica and the 
variation observed is genotype-dependent [89]. In contrast, RAPD fingerprinting confirmed 
genetic fidelity in microcuttings of Cedrus libani [90], micropropagated plants of Cedrus 
atlantica and C. libani [91], plants regenerated from leaf explants of Citrus sinensis cv. 
Bingtangcheng and cv. Valencia [92], and in Citrus limon plants [7]. Moreover, RAPD 
analysis showed clonal stability in micropropagated plants of Pyrus [93], and in plants of 
hazelnut (Corylus) regenerated from long-term in vitro cultures [94]. Polymorphic RAPD 
marker have been observed in apple and pear cultivars regenerated from adventitious 
shoots [95, 96], whereas no polymorphism was observed in apple and pear cultivars 
regenerated from vegetative shoot apices [96]. No polymorphism in RAPD markers was 
observed between plants propagated in vitro and donor plants of clones of the hybrid 
Castanea sativa × C. crenata [97].  
AFLP markers have been used to assess both genetic variation among axillary shoots and 
shoots regenerated from leaf- and petiole-derived calli of kiwifruit (Actinidia deliciosa). [98]. 
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A close relationship between the type of explants, regeneration system, and the presence of 
somaclonal variation was detected in shoots regenerated from leaf callus [99]. 
Plants of Vitis vinifera cvs. Mission and Valerien regenerated from callus cultures showed 
polymorphism using methylation-sensitive restriction enzymes [100].Variation in DNA 
methylation has been highlighted in apple plants micropropagated from in vitro axillary 
shoot cultures [101].  
SSR markers were applied to different V. vinifera cultivars regenerated from shoot cultures 
and from anther and ovary embryogenic callus lines. Homogeneous amplification profiles 
were revealed in the in vitro samples and donor plants [102]. In addition, SSR markers 
revealed genetic stability in V. vinifera cv. Crimson Seedless shoot cultures [103] and in 
micropropagated plants of the apple rootstock Merton 793 [104].  
In general, the use of one type molecular marker to assess the stability of in vitro propagated 
plants may be insufficient. Recently, several authors used multiple molecular marker types 
to study somaclonal variation in regenerants of several plant species. In Actinidia deliciosa 
cultures, a relatively low level of polymorphism was detected with RAPD markers, whereas 
with SSR markers the level of polymorphism detected was higher [105]. Genetic stability 
was analyzed in plantlets of almond (Prunus dulcis) regenerated by axillary branching with 
RAPD markers and confirmed by ISSR analysis [106]. The genetic fidelity of plantlets 
obtained by indirect somatic embryogenesis from anthers and ovaries of V. vinifera cv. 
Grignolino and cv. Dolcetto was detected by SSR and AFLP analysis [107].  
7. Olives 
Olives belong to the genus Olea (family Oleaceae). The genus comprises 35 species, of 
which the most important is O. europaea, which comprises two subspecies subsp. sylvestris 
(wild olive) and subsp. europaea (cultivated olive). Olive cultivars are subdivided into two 
types: i) olive-oil cultivars, which are used for the production of olive oil, in which the 
ripe fruit contains at least 20% oil; and ii) table cultivars, which produce fruits with a 
lower oil content and are destined for canning. Olive cultivation is concentrated in 
southern Europe (Spain, Italy, France, Portugal and Greece) and the Mediterranean region 
(Turkey, Syria, Libya, Morocco and Tunisia). The olive is the longest-cultivated crop in the 
Mediterranean basin and the most economically important fruit tree in this part of the 
world. Over the last few decades, cultivation has expanded to other countries, such as 
South Africa, Argentina, Chile, the USA (in California), Australia and China. Currently, 
9.4 million ha of olive orchards worldwide produce about 16 million tons of olive fruits 
that are processed into 2.5 million tons of oil and 1.5 million tons of table olives. For 
centuries, olive plants have been propagated vegetatively by suckers, grafting and 
cuttings. In vitro culture offers a novel alternative method of propagation to these 
traditional approaches. 
We report the studies conducted on olive plants produced in vitro by nodal explants and 
somatic embryogenesis to verify their fidelity to donor plant.  
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7.1. Regeneration systems for olive 
The ability of a single cell to divide and give rise to a whole plant (cellular totipotency), is 
the theoretical and experimental basis of modern plant biotechnology. Perennial and woody 
plants generally are considered to be recalcitrant in culture and are difficult to regenerate 
[108]. In commercial regeneration systems, the two methods that are used most commonly 
for olive plants are micropropagation and somatic embryogenesis.  
7.1.1. Micropropagation 
Schaeffer [109] defined micropropagation as the in vitro clonal propagation of plants from 
shoot tips or nodal explants; in the case of olive, nodal explants are used. Indirect systems, 
such as the differentiation of adventitious shoots after a phase of disorganised callus 
formation, are used less frequently for perennial plants because of the possible selection of 
several cell-lines in callus. The multicellular origin of adventitious buds is considered to 
generate a high risk that the regenerated plants will lose fidelity to the parent plant. In a 
commercial setting, this threat is often serious enough to eliminate any further consideration 
of micropropagation as a cloning method. 
In vitro vegetative propagation by nodal explants allows rapid production of a large number 
of plants. The procedure consists of the following stages: culture establishment, shoot 
proliferation, rooting and acclimatization extra vitro (Figure 1). Therefore, the degree of 
success depends on the genotype, selection of explants, media and culture conditions, and 
levels of growth regulator. The micropropagation of olives was first achieved a quarter of a 
century ago [110, 111, 112]. However, progress in improving the technique has been 
relatively slow, due to the inherently slow growth of olive explants. The rate of proliferation 
of olive explants is limited by the low frequency of bud sprouting and poor growth rates of 
secondary shoots [113, 114, 115]. In recent years, several studies have investigated and 
improved the technique to define an in vitro propagation sufficiently effective for large-scale 
commercial application [116]. 
 
 
 
Figure 1. Stages of micropropagation by nodal explants of olive plants following from left to right: 
Stage 1= shoots proliferation; Stage 2= rooting of shoots; Stage 3 = acclimatization of shoots ex vitro 
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7.1.2. Somatic embryogenesis 
This regeneration system has been well documented in several species, using a wide range 
of plant tissues as explant sources. Immature embryos are suitable for induction of 
embryogenesis. This capability is, in most instances, not merely an intrinsic property of a 
species and instead is under genetic control, such that individual genotypes within a species 
can differ in their ability to undergo somatic embryogenesis. The first report of somatic 
embryogenesis in olive used a portion of cotyledons from immature embryos [117, 118] 
(Figure 2). Subsequent studies have focused on the induction of somatic embryogenesis in 
different olive cultivars [119, 120, 121]. Improved protocols have enabled the induction of 
somatic embryogenesis from mature tissues (petioles) obtained from shoots grown in vitro 
[119] portions of the radicle and cotyledons [122], ovaries, stamens, leaves and petioles 
[123,124], and cell suspension cultures derived from mature olive tissue [125].  
  
Figure 2. Somatic embryos of cv Frangivento at different development stages  
7.1.3. Propagation by nodal explants and somatic embryogenesis compared  
Micropropagation has a significant advantage over somatic embryogenesis in that it is 
thought to reduce the potential for undesirable somaclonal variants among the regenerated 
plants, whereas in somatic embryogenesis the risk of genetic instability is high. Somatic 
embryogenesis has an advantage over micropropagation in that it generates a new plant 
with both root and shoot meristems from actively dividing somatic cells in the same step 
and within a short time period, whereas micropropagation requires additional steps and a 
longer time frame. 
7.2. Field performance of olive plants raised in vitro 
Despite the commercial importance of clonal fidelity of plants produced by tissue culture, 
the field performance and genetic integrity of olive plants regenerated from in vitro cultures 
is reported sporadically [126, 127, 128]. These factors are of paramount importance for olive 
cultivars. Olive trees have a long life span (hundreds of years), a long juvenile period, broad 
genetic diversity and consequent variability of the fruit, which may influence traits that 
pertain to the composition and quality of the oil, such as aroma and taste [129]; hence, any 
variation of the genotype may modify the olive oil characteristics. From this point of view it 
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is critical that the morphological and molecular performance of mature plants, derived from 
axillary buds and somatic embryogenesis, should be evaluated. 
7.2.1. Morphological characterisation of plants derived from nodal explants 
Morphological and biological characteristics have been used widely for descriptive 
purposes and are commonly used to distinguish olive cultivars [130]. A morphological 
approach is the main initial step when describing and classifying olive germplasm (131]. So, 
a morphological analysis was used initially to evaluate the plants produced by 
micropropagation (termed 'micropropagated plants'; MPs) using the protocol reported in 
[113,132] and in [116].  
The donor plant (DP) for the initial explants for micropropagation was a 20-year-old tree of 
Olea europaea cv. Maurino. The same donor plant, multiplied by cuttings, was used as the 
control plant in the field evaluation. In 1998, 70 16-month-old MPs cultured in pots and 20 
control plants (Cp) were transferred to an experimental field situated in San Pancrazio, 
Firenze, Italy (43°39'36.00'' N, 11°11'25.80'' E). Twenty-four morphological parameters for 
vegetative and reproductive traits were considered (Table 1). 
During field growth, no significant differences in most of the vegetative parameters were 
noted between the MP and Cp plants. The data revealed no differences in growth habit, 
vegetative growth, and canopy and trunk area. Only the leaves and drupes of MPs were 
slightly wider than the Cp plants but still retained the characteristic leaf and drupe shapes 
of the cultivar. The productivity of fruiting shoots was similar, despite the slightly different 
number of flowers per inflorescence; in olive fruit set only occurs in 2–5% of the flowers, so 
the slight difference did not have any effect on fruiting [133]. Pit traits were identical 
between the MP and Cp plants (Figure 3). Olive oil was extracted from both plant groups 
and subjected to sensory tests and chemical composition analysis. The oils had a strong 
fragrance and there was no variability in composition between the oil produced by the MP 
and Cp plants (Figure 4). Thus, the MP plants showed morphological and productive 
uniformity with the Cp plants in terms of vegetative, reproductive and oil traits. Any 
genetic variation present among the MPs was unrelated to development, vegetative growth 
and production quality. These results are related to the protocol used for in vitro culture. It is 
important to stress the absence of relevant somaclonal variation because, as reported by 
Rani and Raina [1], a procedure for micropropagation should be released for commercial 
application only when analyses on mature plants have established that the procedure does 
not induce undesirable somaclonal variation. 
 
Vegetative characters Inflorescence and fruit characters 
HP Plant height: measured in meter from 
the soil level to the highest point 
*IL Inflorescence length in mm 
CP Canopy projection to the soil: measured 
at the two widest diameters in m2 
NF Number of flowers per inflorescence 
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Vegetative characters Inflorescence and fruit characters 
VP Canopy volume in m3 NO Number of olive fruits per fruiting shoot 
TA Trunk area in cm2 FL Fruit length in mm 
VSG Vegetative shoot growth in cm FW Fruit width in mm 
VSN Node number of vegetative shoots FL/W Fruit length/width 
VSI Internode length of vegetative shoots in 
cm 
FFW Fruit fresh weight in g 
*FS Number of feather shoots (lateral shoots 
developing from axillary buds formed in 
same year) on the vegetative shoots 
FDW Fruit dry weight in g 
*FG Feather shoot growth in cm PL Pit length in mm 
*FN Feather shoot node number PW Pit width in mm 
*FI Internode length of feather shoots in cm PL/W Pit length/width 
LBL Leaf blade length in mm PFW Pit weight in g 
LBW Leaf blade width in mm FFW/PW Fruit weight/Pit weight 
BL/W Blade length/width FY Production weight in Kg 
LA Leaf area in mm2  
*LFW Leaf Fresh weight in mg  
*LDW Leaf Dry weight in mg  
*DW Dry weight mg per 100 mm2  
*no used for microplants 
Table 1. Quantitative descriptors of olive plants propagated through nodal explants, and somatic 
embryogenesis observed in field cultivation 
 
 
Figure 3. Micropropagated olive orchard 
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Figure 4. Olive oil extracted by micropropagated plants  
7.2.2. Molecular characterisation and assessment of genetic fidelity of plants derived from 
micropropagation 
At the end of the second year of field cultivation, an initial molecular analysis was 
conducted on five MP, Cp plants and the donor plant. Twenty-one 10-base primers were 
used for PCR-RAPD analysis. The primers generated a total of 182 amplification fragments. 
All of the primers produced monomorphic amplification patterns in the MPs, and no 
differences were found in the amplification pattern among MPs, Cps and donor plant. 
In 2006, 12 randomly chosen 9-year-old mature MPs were evaluated by means of RAPD and 
ISSR analysis. Total genomic DNA was extracted from fresh leaves of the MPs and donor plant 
using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). To detect any genetic changes, 
the RAPD and ISSR results were compared among all MPs, and between MP and Cp plants. 
The 40 RAPD primers generated 301 scorable band classes, whereas the 10 ISSR primers 
produced 46 reproducible fragments. The RAPD primer amplification products were 
monomorphic in MPs and donor plant, as well as the ISSR primers produced monomorphic 
bands within MPs, and between MP samples and donor plant [134] (Figure 5). 
The molecular analyses, undertaken in two separate studies, at different plant ages, and 
using two types of molecular markers, supported the genetic stability and uniformity of Olea 
europaea cv. Maurino MPs. In addition, these results confirmed the reliability of the 
morphological analysis results [127, 128]. 
7.2.3. Morphological characterisation of plants regenerated by somatic embryogenesis 
Plantlets were obtained from embryogenic tissue induced from immature cotyledons of the 
cultivar Frangivento using the methods reported in reference [118], (Figure 2). Fifty somatic 
seedlings were recovered from embryogenic long-term cultures (3 years), planted in small 
commercial pots (1.5 l) and placed in a greenhouse in 1992. The survival frequency was 83% 
after 3 months. The somatic seedlings and MPs from Frangivento donor plant, which was used 
as a putative control (Pc), were grown in large pots in a greenhouse up to 1997. During 
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cultivation in pots, the somatic plants showed developmental behaviour related to growth rate 
and habit that differed from that of the MPs. In 1998, 43 somatic plants and 10 Pc plants were 
transferred to field condition in San Donato, Firenze, Italy (43°33'46.08'' N, 11°10'21.00'' E). In 
the field, the somatic plants retained the different developmental behaviour observed in pots. 
The plants were monitored for several years, during which time it was possible to detect 
morphological variation related to potential yield, inflorescences, fruits and their characteristics. 
In total, 32 morphological traits were analysed (Table 1). On the basis of the preliminary 
observations of plant growth in pots, in the field we recorded, in particular, data for two variant 
phenotype groups classified as bush olive somaclones (BOS; four representative trees) and 
columnar olive somaclones (COS; four representative trees) (Figure 6). 
 
Figure 5. RAPD-PCR amplification patterns for micropropagated plants cv Maurino (Mau) and donor 
plant (DP) using primers left:M10 right SAT3 and 40148. MVI markers 
   
Figure 6. Somaclonal olive plants: BOS and COS phenotypes, left: somaclones during the growth in 
pots in greenhouse, right: mature somaclones grown in experimental field 
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Four replicates for each phenotype were chosen in agreement with the number of replicate 
plants in an olive germplasm collection, according to the International Union for the 
Protection of New Varieties of Plants descriptor list. The relationships among the BOS and 
COS groups and Pc plants were investigated by analysis of variance for morphological traits 
and by a multivariate method (cluster analysis). 
 
Figure 7. Dendrogram based on morphological traits of the BOS, COS groups and Putative control (Pc) 
according to a hierarchical clustering. 
Wide phenotypic variation in shoot growth responses was observed between the BOS and 
COS groups. The differences were related to the growth rate, leaf, fruit and pit traits. The 
architecture of the COS plants, which is determined by plant height, canopy projection and 
canopy volume, differed from that of Pc plants. In the BOS plants, the reduction in plant 
height, increase in feather shoot number, and reduction in the dimensions of the leaves, 
inflorescences and fruits, jointly contributed to the more compact growth habit than that of 
the Pc plants. Cluster analysis was able to separate and characterise the BOS and COS 
groups from the Pc plants, as expected, on the basis of the different growth habits and 
dimensions of the leaf, fruit, pit and inflorescence (Figure 7) [128].  
 
Figure 8. Somaclonal olive plants, left: flowering, right: fruiting  
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The morphological variations detected among the somaclonal plants were positive and 
important variations for a possible future utilization of somaclones as rootstocks or new 
genotypes, and were not accompanied by deleterious changes in other agronomically or 
horticulturally important traits (Figure 8). 
Our results on somaclonal variation among olive plants produced by somatic 
embryogenesis are in agreement with preliminary data recorded for field-grown juvenile 
olive plants derived from embryogenic callus of the cultivar Moraiolo [135]. 
7.2.4. Molecular characterisation of somaclonal olive plants  
Bush olive somaclone (BOS), columnar olive somaclone (COS) and Frangivento donor plants 
grown in the field were analysed with RAPD molecular markers. Total genomic DNA was 
extracted from fresh leaves using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). As 
a first step, 40 primers (decamers) were used [136], of which 20 primers showed 
reproducible and well-resolved bands. All subsequent analyses were conducted using these 
20 primers. 
The 20 RAPD primers generated 198 scorable band classes that ranged in size from 2200 to 
210 bp; the number of primer bands varied from seven (CD11 and OPA01) to 13 (OPP10, 
AH30 and OPP12). Both somaclone types and Frangivento shared a large proportion (86%) 
of RAPD markers, which suggested the occurrence of homology among the somaclones and 
Frangivento. These results were expected because all regenerants were derived from the 
same seed (two cotyledon portions). In addition, the results suggest that genetic changes 
occurred during the long-term maintenance of embryogenic cultures in vitro. 
Some primers showed polymorphism between the somaclones and the donor plant, 
whereas others were polymorphic between the BOS and COS groups. Eight primers (OPP15, 
OPP10, AH29, AG1, OPP12, OPA07, OPP14 and OPP02), showed a close relationship with 
growth habit (Table 2). The type of polymorphism detected was either presence or absence 
of a fragment. The primer OPP15 amplified a single, intense band of approximately 537 pb 
in COS plants, but this band was absent in BOS plants and Frangivento. In addition, the 
primer OPP10 amplified two specific bands: a single band of approximately 603 pb present 
only in BOS plants, and a specific band of approximately 425 pb present in COS plants. 
OPP14 amplified a specific band present in all somaclones but absent in Frangivento donor 
plant. Eight polymorphic primers amplified seven specific bands (OPP10603, AH291190, 
AG1550, OPP121350, OPA07407, OPA07340 and OPP02750) for BOS plants and three specific bands 
(OPP15537, OPP10425 and OPP02800) for COS plants. 
 
Primer Fragments (pb) COS BOS DP 
OPP15 1000 ‒ + + 
 537 + ‒ ‒ 
 375 ‒ + + 
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Primer Fragments (pb) COS BOS DP 
OPP10 1698 ‒ ‒ + 
 603 ‒ + ‒ 
 425 + ‒ ‒ 
AH29 1190 ‒ + ‒ 
 1135 + ‒ + 
 800 + ‒ + 
AG1 550 ‒ + ‒ 
 260 + ‒ + 
OPP12 1170 ‒ + + 
 1350 ‒ + ‒ 
 832 ‒ ‒ + 
 692 ‒ ‒ + 
OPA07 1114 + ‒ + 
 1072 + ‒ + 
 517 + ‒ + 
 407 ‒ + ‒ 
 340 ‒ + ‒ 
OPP14 1230 ‒ + + 
 725 + + ‒ 
 625 + ‒ + 
 210 + ‒ + 
OPP02 1260 + ‒ + 
 800 + ‒ ‒ 
 750 ‒ + ‒ 
 530 + ‒ + 
Table 2. Polymorphic fragments scored among the Columnar genotype (COS), Bush genotype (BOS), 
and Donor Plant (DP) 
In 2004, a second RAPD analysis, conducted using the same 20 primers considered in the 
initial molecular analysis, was performed on 12-year-old somaclonal plants (the plant age 
refers to the time from transfer to ex vitro conditions). The RAPD analysis of the mature 
olive plants ( Figures 9,10) confirmed all patterns of differences between the somaclones and 
donor plant obtained in the initial study. Moreover, the bands specific to BOS and COS were 
confirmed. Therefore, when reproducibility is strictly controlled, the RAPD system still 
seems to be the most rapid and inexpensive for testing variability among plants obtained by 
somatic embryogenesis. This study indicated clearly that the somaclonal variation in olive 
was stable and confirmed the morphological results obtained in previous years . 
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Figure 9. RAPD-PCR amplification patterns for somaclonal olive plants BOS using AG1 primer. 
Polymorphic DNA fragment is identified by an arrow 
 
 
Figure 10. RAPD-PCR amplification patterns for somaclonal olive plants COS using OPP02 primer. 
Polymorphic DNA fragment is identified by an arrow 
550 pb
1260pb
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7.2.5. Description of morphological variation among the vegetative progeny of somaclonal 
plants 
In view of the stringent requirements for the adoption of novel olive genetic material by 
working breeders, the variation detected must be hereditable, either sexually or asexually, 
through conventional vegetative propagation. The aim of our studies on somaclones has 
been to determine whether the variation in habit is also expressed in the progeny of 
somaclonal olive plants (daughter plants) obtained by vegetative propagation (rooted 
cuttings). Data for both the rooting capacity of somaclonal plants and its behaviour under 
field conditions are reported for 2005 and 2009 respectively. 
 
Type of habitus 
Rooting 
(%) 
Root number 
Root length 
(cm) 
Columnar (COS) 64.41 n.s 5.5 n.s 2.45 n.s 
Dwarf (BOS) 61.15 n.s 4.8 n.s 2.57 n.s 
Means were discriminated using Tukey’s multiple range test at the 5% level of significant 
Table 3. Rooting percentages of the BOS and COS somaclonal olive plants  
The BOS and COS variant phenotypes showed a medium-high rooting capacity, with no 
statistical differences for the parameters studied between the two types of growth habit (Table 3).  
Furthermore, in 2006, under an agreement with the Centro di Ricerca e Sperimentazione in 
Agricoltura (CRSA) “Basile Caramia” Locorotondo, Taranto, Italy, the propagated daughter 
somaclonal plants were planted in an experimental field at Vivai Conca d’Oro at 
Palagianello, (40°34'43'' N, 16°58'31'' E, m. 32 a.s.l.) to verify both the heritability of the habit 
variation and the behaviour of habit variation in very different environmental conditions. 
This approach was based on the premiss that the performance of BOS and COS plants might 
depend not only on their inherent growth habit, but also on the environmental conditions in 
which they were grown. The environment could limit or enhance the expression of 
morphological growth phenotypes.  
 
Type of habitus 
Plant 
Height 
m 
Trunk 
diameter 
cm 
Length of 
lateral 
shoots cm
Node 
number of 
lateral 
shoots 
axillary 
shoot 
number 
Node 
number of 
axillary 
shoots 
Columnar (COS) 3.2a 11.1ns 76.1a 39.5a 1.9c 5.9b 
Dwarf (BOS) 2.4b 10.0ns 65.9b 31.8b 11.8a 11.6a 
Putative control 3.0a 9.4ns 55.8c 27.6b 6.0b 5.7b 
Means were discriminated using Tukey’s multiple range test at the 5% level of significant 
Table 4. Comparison of daughter somaclonal olive plants of columnar and dwarf: plant height, trunk 
diameter, length and node number of lateral and axillary shoots  
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Preliminary assessment of the performance of somaclonal daughter plants, conducted for 3 
years, indicated that morphological characteristics were comparable to those of the 
somaclonal mother plants. As in the mother plants, the main morphological patterns were 
the plant height for the BOS phenotype, and length, node number and number of axillary 
shoots for both phenotypes, in comparison to the putative control (Table 4). In addition, in 
relation to the environmental conditions at the planting site, the growth performance of the 
somaclonal daughter plants depended only on the inherent growth habit (Figure 11).  
 
Figure 11. Daughter somaclonal olive plants in experimental field at CRSA 
8. Conclusion 
Although most perennial plant species are classified as recalcitrant to regeneration by in 
vitro tissue culture, over the last two decades, enormous progress has been made in the 
application of biotechnological tools to the Olea europaea. The development of several 
protocols for micropropagation from axillary buds and somatic embryogenesis using 
explants isolated from selected adult trees has allowed the regeneration of several olive 
cultivars. However, the main challenge for mass production of olive plants by tissue culture 
is the production of plants that show genetic fidelity to the donor plant in a commercial 
production context. Fidelity is assured by the application of micropropagation by axillary 
buds, whereas somatic embryogenesis from long-term cultures does not guarantee genetic 
fidelity and leads to somaclonal variation among the regenerated plants.  
Somaclonal variation in tissue culture is a complex problem that needs several approaches 
to be appreciated correctly. The use of only one type of molecular marker, such as RAPDs, 
to assess the genetic stability of an in vitro production system may be inadequate, and an 
approach that focuses on morphological traits appears to be a valuable complementary tool. 
For example, the analysis of morphological traits strongly confirms the specific and stable 
growth habit of regenerated plants by the analysis of vegetative progeny of somaclonal olive 
plants.  
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Future studies will be focused on target DNA fragments (AG1550, OPA07407, 1281640 and 
OPP02759) putatively associated with growth habit. These fragments were extracted from 
agarose gels and purified using the QIAquick Gel Extraction Kit (Qiagen), and the eluted 
putative growth habit-specific genes were cloned. Database searches for homologous 
sequences using the BLAST tool will be performed and, in addition, we are designing 
related oligonucleotide primers that will be synthesized and used to amplify sequence 
characterised amplified region (SCAR) markers. 
The somaclonal variation generated by somatic embryogenesis presents a novel opportunity 
for olive breeders to experiment with new traits, in contrast to conventional long-term 
strategies for developing olive trees that have desirable new traits. A practical example of 
this potential is a dwarf olive tree identified among the BOS plants; the aesthetic, ecological 
and growth-habit characteristics of this individual support its use as an ornamental plant. 
Clones of this dwarf olive genotype could be planted in private gardens, public parks and 
on roadsides [137]. 
A.R. Leva produced the olive somaclones and has the exclusive rights on them.  
R. Petruccelli and L.M.R. Rinaldi contributed to the morphological and molecular 
characterization of the olive somaclones. 
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